To characterize the topographic response of the healthy human retina to acute oxygenation changes in vivo, using multifocal electroretinography (mfERG). METHODS. Ten eyes in 10 subjects were examined while they breathed 21% oxygen (normoxia), 10% oxygen (hypoxia, with 90% nitrogen), or 100% oxygen (hyperoxia). Capillary oxygenation was monitored by percutaneous infrared oximetry. RESULTS. Compared with normoxia (mean PaO 2 , 124 mm Hg), hypoxia (mean PaO 2 , 36 mm Hg) was associated with an overall mfERG amplitude reduction, including a reduction in the multifocal oscillatory potentials (mfOPs). The hypoxic amplitude reduction of the first-order P1 response decreased monotonically (P Ͻ 0.0001) from 38.5% at 0°to 2°eccentricity to 17.8% at the highest eccentricity (25°). Likewise, the amplitude reduction of first-order N2 decreased from 33.0% centrally to 18.3% at the highest eccentricity (P ϭ 0.0019). In contrast, hypoxia only reduced the average first-order N1 amplitude by 9.5% (P ϭ 0.016). Hypoxia also reduced mfOP amplitudes, by 16.6% to 34.8%, but no effect of eccentricity was detectable. Hyperoxia had no significant effect on amplitude. Neither hypoxia nor hyperoxia had any effect on the latency of the P1 implicit times.
T he anatomy of the human retina gives priority to high transparency and photoreceptor density. The retinal blood supply and oxygenation are sparse compared with the rate of oxygen consumption, which is higher per unit weight than in other parts of the brain. 1, 2 Phototransduction and neural signaling are energy-demanding processes that appear to have been developed in response to an evolutionary pressure for high-performance vision. To produce the necessary energy under the constraints of a limited blood supply, the retina utilizes its oxygen supply completely, with the tension reaching a minimum of less than 5 mm Hg in the outer retina in the dark-adapted state, [3] [4] [5] and then supplements its requirements by extensive use of anaerobic glycolysis, which extracts only a fraction of the energy available in glucose. The performance of the retina is limited by the supply of oxygen, 6 but the dependence on oxygen is likely to vary by layer, eccentricity, and cell type, cell density, and the state of light adaptation.
Changes in retinal oxygen supply are believed to be an important factor in diabetic retinopathy, 7 in which the distribution of disease varies greatly with eccentricity. Understanding acute changes and their variation with eccentricity resulting from reduced and increased oxygen supply to the normal retina may aid in the discovery of mechanisms involved in the development and progression of diabetic retinopathy. In no previous study, however, has the retinal sensitivity to hypoxia and hyperoxia been examined in relation to retinal topography.
The present study was designed to assess the response of the retina in healthy subjects to acute changes in oxygen supply, using multifocal electroretinography (mfERG).
METHODS
We examined 10 eyes in 10 healthy subjects. Ophthalmic examination included determination of visual acuity, slit-lamp biomicroscopy, ophthalmoscopy, and mfERG. All participants had best visual acuities of 20/20 or better and no detectable ophthalmic disorder or chronic disease (Table 1 ). All subjects had arterial blood pressure lower than 140/90. Written informed consent was obtained from the participants after explanation of the nature and possible consequences of the study. The study was approved by the medical ethics committee of Copenhagen County and adhered to the tenets of the Declaration of Helsinki.
The participants were randomly assigned to have either the left or right eye tested. Pupils were dilated to a diameter of Ն7 mm with 10% phenylephrine hydrochloride and 1% tropicamide. After topical anesthesia with 0.4% oxybuprocaine hydrochloride, a Burian-Allen bipolar contact lens electrode with two built-in infrared light sources for fundus illumination (Veris IR Illuminating Electrode; EDI Inc., San Mateo, CA) was placed on the test eye using carboxymethylcellulose 1% contact fluid. The contralateral eye was occluded. A ground electrode was attached to the forehead after skin cleaning using an abrasive gel (Nuprep; D.O. Weaver & Co., Aurora, CO).
An array of stimuli was displayed on a 1.5-in. stimulator-fundus camera (Veris; EDI Inc.), which permitted optimal refraction without changing the size of the visual image and ensured fixation by real-time infrared viewing of the fundus. To facilitate fixation monitoring, the stimulus array was overlaid on the fundus monitor.
The stimulus array ( Fig. 1 ) contained 61 hexagons scaled by eccentricity (scaling factor 12.857) displayed at a frame rate of 75 Hz. Each stimulus was modulated by using a binary m-sequence over four video frames. During the first video frame, each hexagonal stimulus was either flashed at a luminance of 200 cd/m 2 or remained dark, as did the subsequent three frames. This resulted in a minimum interval of 53.3 ms between each flash in a given hexagonal stimulus field to enhance The publication costs of this article were defrayed in part by page charge payment. This article must therefore be marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.oscillatory potentials (OPs). 8 The m-sequence exponent of 13 resulted in a total recording time of 3.38 minutes, which were divided into eight short segments for patient comfort. Responses were band-pass filtered outside 10 to 300 Hz, amplified at a gain of 100,000 and sampled every 0.833 ms. Observation of loss of fixation or artifacts led to rejection of the affected recording segment and immediate rerecording. The luminance of the white stimulus was 200 and 2 cd ⅐ m Ϫ2 or less for the black stimulus. The surround luminance was set to 50% of the mean test field luminance (i.e., 100 cd ⅐ m Ϫ2 ). Ambient room light was maintained throughout the study. Stimulus luminance was calibrated using the auto calibrator (EDI, Inc.) and the stimulus grid was calibrated using a grid calibrator (VERIS; EDI Inc.). Two iterations of artifact rejection were applied to the raw data and no spatial smoothing was performed. The first-and second-order (first slice) kernels were derived and implicit times and amplitudes of N1 (first negative component), P1 (first positive component), and N2 (second negative component) were measured. Mathematically, the first-order kernel is obtained by adding all the records that follow the presentation of a white hexagon (flash) and subtracting all the records that follow a black hexagon (no flash). The response elicited by the specific hexagon continuously builds up during the stimulation sequence. The second-order kernel is obtained by adding all the records after a change from white-to-black or black-to-white and subtracting all records after no change. The first slice of the second-order kernel measures the effect of an immediately preceding flash and is a measure of how the mfERG response is influenced by the adaptation to successive flashes. 9 The N1 response amplitude was measured from the starting baseline to the base of the N1 trough, the P1 response amplitude was measured from the N1 trough to the P1 peak, and the N2 response amplitude was measured from the P1 peak to the N2 trough (Fig. 2) . The raw data were band-pass filtered (100 -300 Hz; Veris 5.0 system), to extract the implicit times and amplitudes of the local oscillatory potentials. mfERG responses were averaged from five concentric rings and nine regions specified by coordinates relative to the fovea ( Fig. 1 ). mfOP responses were averaged in a similar manner, except that rings 1 and 2 were averaged to improve the signal-to-noise ratio, resulting in four concentric rings and nine regions.
The study was designed as an open-label, randomized cross-over study, including a hypoxic, a hyperoxic, and a normoxic period. In each patient, three multifocal ERGs were recorded on the same day, one during hypoxia, one during hyperoxia, and one while the patient breathed atmospheric air. After stable saturation had been obtained (3-6 minutes), an uninterrupted period of 5 minutes was allowed before the first mfERG was recorded. Participants continued to breathe the same gas mixture during the recording. The mean total duration of hypoxia was 11.3 minutes. The subjects were randomized to start with the hypoxic period followed by the hyperoxic period or vice versa. They breathed a gas mixture of 10% oxygen and 90% nitrogen to induce hypoxia and 100% oxygen to induce hyperoxia.
Blood oxygenation was determined by using a NPB-40 finger pulse oximeter (Nellcor Puritan Bennet, Inc., Pleasanton, CA). The blood glucose level during a given mfERG recording period was defined as the mean of one blood glucose value recorded immediately before and one recorded immediately after the mfERG recording. Plasma glucose concentrations were determined with a blood glucose meter (Lifescan One Touch; Johnson & Johnson Co., Jacksonville, FL).
Statistical analysis of the mfERG response was made, allowing for interdependence between adjacent subfields (Fig. 1) . 10 Mixed-model analysis (SAS Systems, ver. 8.2; SAS Institute, Cary, NC) returns probabilities for the effect of region or ring, together with an estimate of the difference between normal conditions and hypoxia/hyperoxia in implicit times and amplitudes. The difference in amplitude between normoxia and hypoxia was calculated as amplitude normoxia Ϫ amplitude hypoxia , and for hyperoxia as amplitude hyperoxia Ϫ amplitude normoxia . The same computation was used for the implicit time difference. 
RESULTS

Blood Oxygen Saturation
Hypoxia-Induced Changes in the mfERG
Hypoxia induced marked changes in mfERG amplitudes (Fig.  3) , including the amplitudes of the oscillatory potentials (Fig.  4) , whereas only discrete changes were observed in mfERG implicit times. Mean P1 amplitudes were significantly reduced during hypoxia compared with normoxia (Fig. 5 ). This observation was consistent throughout the stimulated field, when tested by eccentricity (five concentric rings; Table 2 ) and by direction (nine meridional subfields, two per quadrant and a central subfield). Mean P1 amplitudes decreased during hypoxia, from 38.4% (95% CI 36.8 -67.2, P Ͻ 0.0001) at 0°to 1.4°eccentric-ity (ring 1, fovea), the reduction decreasing with increasing eccentricity (P Ͻ 0.0001) to a low of 17.1% (P Ͻ 0.0001) at 25°e ccentricity (Table 2 , Fig. 4) . No variation by quadrant was detectable. The summed response of all 61 hexagons decreased by 27.2% (19.8 nV/deg 2 , 95% CI 14.6 -24.9, P Ͻ 0.0001).
Hypoxia significantly reduced the mean N2 amplitude at all eccentricities (Fig. 6) , most prominently in the central field, where 33% reduction was observed (from 132.72 to 88.87 nV/deg 2 , P ϭ 0.0019) and decreasing monotonically with increasing eccentricity to a low of 18.3% (P Ͻ 0.01) at 25°e ccentricity. N1 amplitudes were also reduced during hypoxia, but to a lesser extent than the P1 and N2 amplitudes (Fig. 7) . The average N1 response decreased by 9.5% (P ϭ 0.016). A Ushaped relation with eccentricity was noted, in that the N1 amplitude decreased by 12.9% (P Ͼ 0.05) within 0°to 2°of eccentricity, was unchanged for rings 2 and 3 (nominal amplitude change, Ϫ1.6%, P Ͼ 0.05), and decreased by 19.7% for ring 4 (P ϭ 0.004) and by 17.3% for ring 5 (P ϭ 0.036).
N1 and P1 implicit times were not detectably altered by hypoxia, whereas mean N2 implicit time averaged from the entire field (61 hexagons) was delayed by 2.06 ms (95% CI 1.3-2.8; P Ͻ 0.0001).
The second-order N2 amplitudes were also reduced by hypoxia, although to a lesser extent than the first-order re- First-order multifocal ERG responses in a healthy subject breathing atmospheric air (21% oxygen; top trace array) and 10% oxygen (bottom trace array). The hypoxic recording was made 5 minutes after the switch to 10% oxygen and achievement of a stable PO 2 . Hypoxia was associated with an overall mfERG amplitude reduction that decayed with increasing eccentricity.
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sponses. The mean N2 amplitudes from ring 1, 2, and 3 decreased by 28.9% (P Ͻ 0.001), 28.6% (P ϭ 0.002), and 14.9% (P ϭ 0.021), respectively, whereas responses averaged from the two most peripheral rings was unaffected by hypoxia. The second-order N1 and P1 amplitudes and N1, P1, and N2 implicit times were not significantly affected by hypoxia (data not shown). Hypoxia significantly reduced mean amplitudes of the mfERG oscillatory potentials (OP1 and OP2). As for the primary mfERG responses, the effect was larger for the central responses, reducing amplitudes by 33.8% and 34.8%, respectively (Table 2 ). This reduction was significant for all rings. The sensitivity of the OP to hypoxia varied less with eccentricity than did the primary mfERG responses. Hypoxia induced a delay of 0.44 ms in the summed OP1 implicit time (95% CI 0.2-0.7; P ϭ 0.005).
Hyperoxia-Induced Changes in the mfERG
Inhalation of 100% oxygen was associated with a tendency to a modest increase (4.7%; 3.42 nV/deg 2 , P ϭ 0.05) in mean first-order P1 amplitude when all 61 stimulus hexagons were averaged (Table 3) . No detectable variation with eccentricity or quadrant was found. N2 and N1 first-order amplitudes were not significantly affected by hyperoxia (Figs. 6, 7) . Implicit times were unchanged by hyperoxia (data not shown). Hyperoxia did not affect the mean OP1 or OP2 amplitudes of the mfERG (Table 3) .
DISCUSSION
The present study demonstrates that systemic hypoxia considerably reduces the amplitude of the human photopic electroretinographic response and that this reduction varies significantly in relation to visual field eccentricity (P Ͻ 0.0001).
Hypoxia reduced the first-order P1 amplitude by 38.5% within the 2 central degrees whereas a smaller reduction, by 17.8%, was observed at higher eccentricities. The average N1 amplitudes was reduced by only 9.5% (P ϭ 0.016) during hypoxia. The higher resistance to hypoxia of the N1 response is compatible with its being analogous to the a-wave of the full-field ERG and P1's being analogous to the b-wave. 12 Thus, our findings are in agreement with the effect of hypoxia on the scotopic ERG in cats, where hypoxia at PaO 2 of 20 to 30 mm Hg led to an 8.9% decrease in the a-wave amplitude but a 35% The distribution of firstorder P1 amplitudes averaged from five rings of increasing eccentricity during hypoxia, normoxia, and hyperoxia. Hypoxia significantly reduced mean P1 amplitudes (P Ͻ 0.0001). The effect of hypoxia on mean P1 amplitudes decreased with increasing eccentricity (P Ͻ 0.0001). Hyperoxia increased mean P1 amplitudes modestly, and the effect reached statistical significance only when all 61 stimulated areas were averaged (P ϭ 0.012).
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IOVS, July 2007, Vol. 48, No. 7 decrease in b-wave amplitude. 6 Similar findings have been reported in the human full-field ERG where hypoxia induced by breathing 9% oxygen in 91% nitrogen decreased the scotopic b-wave amplitude by 30%, whereas the a-wave amplitude was unaffected. 13 Thus, the early negative component of the mfERG as well as the full-field ERG seem to be more resistant to hypoxia than the subsequent positive component. Whether this indicates a higher resistance to hypoxia in the outer retina than in the inner retina is uncertain. Thus, it has been shown that only the early phase of the scotopic a-wave response to very bright flashes is generated by direct contribution from photoreceptors and that the postreceptoral activity of OFF pathway cells make a substantial contribution to the a-wave.
14 Likewise, significant contributions to the N1 component of the mfERG have been shown to originate from postreceptor cells in the inner retina. 15 The relatively modest reduction during hypoxia of the second-order mfERG response shown in the present study contradicts the notion of a selective effect of hypoxia on the inner retina.
Inner retinal PO 2 is maintained at a normal level over a wide PaO 2 range, presumably by the autoregulation of the retinal circulation. 16 Nevertheless, retinal PO 2 decreases rapidly below a PaO 2 of 40 mm Hg. 16 In agreement with this, cat 6 and human 13 ERG b-wave amplitudes and-as demonstrated in the present study-the human P1 amplitude, decrease drastically during hypoxia at PaO 2 lower than 40 mm Hg. 16 -19 In contrast, milder hypoxia, induced by breathing 12% oxygen in 88% nitrogen, which resulted in levels of PaO 2 higher than 40 mm Hg, was associated with a reduction of only the human photopic b-wave amplitude (by 5.9%). 20 The electrophysiological changes during hypoxia and hyperoxia reported here are not necessarily direct consequences of isolated changes in PaO 2 . Thus, 100% oxygen breathing has been shown to reduce retinal blood flow by 56.4% in healthy subjects. 21 Acidosis induced by hypoxia may also contribute to the mfERG changes shown in our study. Systemic hypoxia in cats has been shown to induce lactacidosis secondary to increased glycolysis, 22 and it has been demonstrated that acidosis reduces the retinal b-wave amplitude. 23 However, only severe hypoxia has been shown to induce acidosis, 24 mainly in the outer retina. 22 There are only a limited number of reports about variation with eccentricity in the effect of hypoxia on retinal function. Ernest and Krill 25 studied the effect of hypoxia, induced by breathing 10% oxygen in 90% nitrogen, on cone and rod visual thresholds, measured both at 5 and 45°from the fovea. They found rod thresholds at 45°of eccentricity to increase more during hypoxia than did those at 5°of eccentricity. This finding is in contrast to the present study, which demonstrated greater mfERG amplitude sensitivity to hypoxia in the central retina. However, there are obvious limitations in the comparison of the two studies. First, dark adaptometry represents processing of visual inputs in the entire visual system including the brain, in contrast to the mfERG, which represents retinal responses in isolation. Second, the data in the present study are limited to the central 25°of the retina, in contrast to the more peripheral location (45°) tested by Ernest and Krill. Finally, they demonstrated a higher peripheral sensitivity to hypoxia in rods only, whereas the mfERG responses in this study were cone driven.
A previous study examined the effect of hypoxia on flicker sensitivity at different retinal locations. 26 Hypoxia induced by breathing 5% oxygen in 95% nitrogen was shown to decrease the mean critical flicker frequency (CFF) to values below the normal range. The decrease in CFF was slightly more pronounced in the temporal than in the nasal field, but no significant variation with eccentricity was reported. Thus, flicker sensitivity to hypoxia does not seem to agree with the higher Figure 5 . Hypoxia significantly reduced mean N2 amplitudes at all eccentricities (P Ͻ 0.01). As for P1, the effect was most prominent in the central field (P Ͻ 0.001). N2 firstorder amplitudes were not significantly affected by hyperoxia. The distribution of firstorder N1 amplitudes averaged as in Figure 5 . As for P1 and N2, mean N1 amplitudes were reduced during hypoxia, but to a lesser extent, and did not reach statistical significance in all rings. The N1 response averaged from all 61 stimulated areas decreased by 9.5% (P ϭ 0.016). N1 first-order amplitudes were not significantly affected by hyperoxia. central mfERG sensitivity shown in this study. However, the authors used a significantly lower spatial resolution and more severe hypoxia than we used in the present study. A possible explanation of the hypoxia sensitivity reduction with increasing eccentricity in the present study is that the structure and function of the healthy retina vary with eccentricity. First, the fovea is populated entirely by cones, the density of which is higher than elsewhere. 27 However, the metabolic differences between rods and cones are currently unknown and the structure and mitochondrial content of foveal and parafoveal cones are quite different. 28 Although there are fewer parafoveal cones, they are in an environment where rods are using a great deal of energy, at least under darkadapted conditions. It is also unknown whether rods or cones are better at using glycolytic compensation during hypoxia.
Although the fovea is thinner than the surrounding retina, it is also devoid of retinal vessels in the central 0°to 1.8°(500 m diameter). 29 There are, however, no inner retinal neurons in the fovea, which may compensate for a longer route of diffusion. 30 In addition, the cells generating the P1 component for the foveal mfERG are displaced away from the center of the fovea, to areas of the perifoveal retina that have a rich blood supply. 30 Finally, the foveal photoreceptor inner segments are farther from the choroidal circulation than elsewhere, because their outer segments are longer than elsewhere, which may explain some of the variation with eccentricity. 28 In conclusion, with the mfERG, we have demonstrated profound regional variations in the sensitivity of the retina to hypoxia under photopic conditions in healthy subjects, the fovea being by far most sensitive and the amplitude reduction being prominent, while the implicit time is very nearly unchanged. 
